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Abstract  
This study presents the cure kinetics and the cure modelling of an ambient curing unsaturated 
polyester (UP) resin system for the simulation of its curing in the vacuum infusion (VI) process. The 
curing of the thermoset resin system was investigated using the Differential Scanning Calorimetry 
(DSC) method. The dynamic DSC test measurements were conducted to find out the ultimate heat of 
reaction and enable experimental conversion determination for the isothermal curing. The empirical 
autocatalytic cure kinetics model incorporating the Arrhenius law represented the cure behaviour. 
The results of the cure kinetics study, the cure model, the material properties and the boundary 
conditions were the inputs in PAM-RTM software to simulate the degree of cure and the 
temperature during the infusion and the room temperature curing stages. The simulation results 
were compared with the experimentally measured data. A vacuum infusion experiment involving a 
non-crimp glass fibre preform was performed in order to identify a typical filling time to aid the 
simulation, and monitor the curing using thermocouples to validate the temperature simulation. It 
was shown that the degree of cure and the exothermic temperature of a room temperature curing 
thermoset resin system in the VI process could be predicted through the steps of this study.   
Keywords: unsaturated polyester resin, differential scanning calorimetry, cure kinetics, cure 
simulation, vacuum infusion process 
 
1. Introduction 
In the vacuum infusion (VI) process, the resin wets the preform due to the pressure difference 
between the inlet and the vent. Usually slow curing resin systems are preferred to allow longer 
infusion times for large structures. Thermoset resins are the most popular matrices used in the 
manufacture of polymer composites. A thermoset resin system contains monomer(s), curing agent 
and an accelerator. Quite often other additives such as pigments, fillers are also used. The choice of 
components in a formulation can affect the curing of the resin.   Therefore, the cure study of each 
thermoset resin formulation is important for the processing of the resin and the optimisation of the 
manufacturing process.  
Differential Scanning Calorimeter (DSC) is widely accepted method in the literature to study the 
kinetics of cure reactions of thermoset resins in both isothermal and non-isothermal modes [1, 2].  
The DSC analysis and the cure kinetics of the thermoset resins (epoxy [2-6], and unsaturated 
polyester [7-20]) have been studied by many researchers. Among the thermoset resins, unsaturated 
polyester resins are very popular because of having relatively low cost, good balance of properties, 
and adaptability to many fabrication processes [1].  
Cure monitoring of thermosets is very important to ensure the quality of the final part and to know 
when to remove the part from the process. Experimental and numerical studies have been 
performed in the literature to monitor and predict the degree of cure of thermoset resins in the 
liquid composite moulding process. In the experimental studies, a number of in-built cure 
monitoring techniques have been reported, such as carbon fibre [21], fibre bragg grating [22], 
dielectric sensors [23, 24] and the flexible matrix sensor [25]. It was reported that the results of the 
in-built dielectric cure monitoring were in good agreement with the DSC cure data with little error 
[23, 24]. Even though the accuracy of the in-built systems can be high, the disadvantages are i) high 
labour, material and technology costs, ii) prone to errors, iii) embedded in the part after curing, iv) 
the requirement of complex experimental setup and v) not readily available.  
Also, the cure behaviours of thermosets have been represented by simple empirical equations based 
on the cure kinetics studies using DSC data in many studies. In the numerical cure simulation studies, 
the aim has been to i) predict the degree of cure during the process, ii) optimise and control the cure 
cycle and iii) optimise the mould heating profile to reduce the cure cycle time and the cure induced 
thermal stress in the composite part. The numerical cure simulation studies have mainly focused on 
the processes requiring heating cycles, such as the resin transfer moulding [26-30] and the autoclave 
[36, 37] processes. 
The curing monitoring and the cure simulation of the ambient curing thermosets in fibre-reinforced 
composites have been largely untouched. A few studies have reported the cure kinetics and the 
rheology of ambient curing thermosets for the VI process without using their results to simulate the 
curing in the VI process [31]. Only Hsiao et al [32] validated their cure kinetics study by conducting a 
vacuum infusion experiment. They studied a model based fitting technique coupled with one-
dimensional cure simulations to study the reliability of the fitting method under different 
temperature measurement noise levels for the liquid moulding processes, and validated the 
approach by predicting the cure history of a polyester resin system in the vacuum infusion process.        
The curing analysis of a resin system is important for the achievement of a fully infused part and to 
ensure the quality of the final part to decide when to remove the part from the mould. By 
considering the infusion of large structures, a cure simulation study before performing a real 
infusion process is very important to avoid the manufacturing defects and the cost issues. The VI 
process resin flow simulations including the cure parameters, the cure model and the viscosity data 
can help to i) obtain more realistic filling simulations and predict the total filling time accurately, ii) 
predict the dry (unimpregnated) regions or incomplete curing without needing experimentations, 
and iii) reduce the cost.  
This study explored the cure kinetics and the modelling of an ambient curing unsaturated polyester 
resin system for its cure simulation in the VI process. The objectives of this study are i) to examine 
the cure kinetics of the UP resin system using the DSC method, ii) to model the curing using an 
empirical autocatalytic cure model incorporating the Arrhenius law, iii) to simulate the curing in 
PAM-RTM software using the results of the cure kinetics study, the material properties and the 
boundary conditions and iv) to perform a VI experiment to monitor the filling time using a camera to 
support the simulation and the curing using thermocouples to validate the cure temperature 
simulation.  
2. Theory  
2.1. Cure Kinetics by DSC 
In the DSC analysis, the released heat during the reaction is measured and quantified to determine 
the degree of chemical reaction or conversion. The degree of chemical reaction (degree of cure) is 
defined as the ratio of the released heat up to the current time and the total heat of reaction that 
the resin releases. It ranges from 0 (no reaction) to 1 (complete cure). The total heat of reaction can 
be measured by the dynamic DSC measurements.  
The total, or the ultimate, heat of reaction (total enthalpy, 𝐻𝑈), which is the amount of heat 
generated during the dynamic scanning until reaching the fully cured state of the system, can be 
obtained by continuous single heating rate experiments. 𝐻𝑈 is calculated by the following equation: 
𝐻𝑈 = ∫ (
𝑑𝑄
𝑑𝑡
)
𝑑
𝑑𝑡
𝑡𝑑
0
                                                                   (1) 
(𝑑𝑄/𝑑𝑡)𝑑 is the instantaneous rate of heat generated, and  𝑡𝑑 is the amount of time required to 
complete the reaction during the dynamic scanning experiments. The heat evolution 𝐻(𝑡) is 
proportional to the degree of conversion ( 𝛼(𝑡)), which is defined as: 
𝛼(𝑡) =
𝐻(𝑡)
𝐻𝑈
                                                                         (2) 
From the isothermal scanning experiments, the following expression gives the total isothermal heat 
of reaction ( 𝐻𝑇 ); 
𝐻𝑇 = ∫ (
𝑑𝑄
𝑑𝑡
)
𝑖
𝑑𝑡
𝑡𝑖
0
                                                                   (3) 
(𝑑𝑄/𝑑𝑡)𝑖  is the instantaneous rate of heat generated, and 𝑡𝑖 is the amount of time required to 
complete the reaction during the isothermal scanning experiments.  
𝐻(𝑡) = ∫ (
𝑑𝑄
𝑑𝑡
)
𝑇
𝑡
0
𝑑𝑡                                                                 (4) 
The actual rate of cure as function of time (𝑑𝛼/𝑑𝑡) can be calculated using the following equation: 
𝑑𝛼
𝑑𝑡
=
1
𝐻𝑈
(
𝑑𝑄
𝑑𝑡
)
𝑇
                                                                    (5) 
The actual cure rate (𝑑𝛼/𝑑𝑡) can be related to the isothermal rate of cure (𝑑𝛽/𝑑𝑡) [35]. The above 
equation can be written in the form of: 
𝑑𝛼
𝑑𝑡
=
𝐻𝑇
𝐻𝑈
1
𝐻𝑇
(
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)
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                                                            (6) 
here, 𝑑𝛽/𝑑𝑡 represents the isothermal reaction rate based on the total isothermal heat of reaction 
( 𝐻𝑇) at a specific constant temperature and it can be calculated by the following equation: 
𝑑𝛽
𝑑𝑡
=
1
𝐻𝑇
(
𝑑𝑄
𝑑𝑡
)
𝑇
                                                                        (7) 
The following equation is obtained from the integration of Eq. (6) to determine the actual degree of 
cure, 𝛼(𝑡): 
𝛼(𝑡) =
𝐻𝑇
𝐻𝑈
∫
𝑑𝛽
𝑑𝑡
𝑡
0
𝑑𝑡                                                                       (8) 
The ratio between 𝐻𝑇and 𝐻𝑈 expresses a degree of incomplete reaction and is approximated by a 
piecewise linear function of temperature (𝑇): 
𝐻𝑇
𝐻𝑈
= (
𝑎 × 𝑇 + 𝑏        𝑇 < 𝑇𝑐
1                       𝑇 ≥ 𝑇𝑐
)                                                          (9) 
where, a, b and 𝑇𝑐  are constants which can be determined from the curve fit of the DSC 
measurements.  
2.2. Kinetic Modelling 
A crucial step in the study of cure kinetics by DSC is fitting of the reaction rate profile obtained from 
the experiments, to a kinetic model. The kinetic models fall into two main categories, i) 
phenomenological and ii) mechanistic models. A relatively simple equation is used in the 
phenomenological models and the details of how reactive species take part in the reaction is ignored, 
whereas the mechanistic models are obtained from balances of reactive species involved in the 
reaction. Even though the mechanistic models offer better prediction, it is not always possible to 
derive such models due to the complexity of cure reactions and the mechanistic models require 
more kinetic parameters [17].  
The empirical models are widely used in the literature for the thermoset resins. Table 1 presents the 
main kinetic models used for the thermoset resins. In general, the kinetic models relate the rate of 
reaction (𝑑𝛼/𝑑𝑡) to some function of 𝛼 and T. 
 
Table 1: Kinetic models used for the chemical kinetics of thermoset cure  
Model Equation 
nth order 
𝑑𝛼
𝑑𝑡
= 𝑘(1 − 𝛼)𝑛            (10) 
Autocatalytic reaction 
𝑑𝛼
𝑑𝑡
= 𝑘𝛼𝑚(1 − 𝛼)𝑛         (11) 
Kamal-Sourour [6] 
𝑑𝛼
𝑑𝑡
= (𝑘1 + 𝑘2𝛼
𝑚)(1 − 𝛼)𝑛      (12) 
Arrhenius law 𝑘𝑖(𝑇) = 𝐴𝑒𝑥𝑝 (−
𝐸𝑖
𝑅𝑇
)          (13) 
here m,n = reaction orders, T = absolute temperature, R = universal gas constant, 𝐴𝑖= pre-
exponential factor, 𝐸𝑖= activation energy. 
If the curing system does not show any complexity in the reaction mechanism a simple nth order 
reaction model (Eq. 10) can describe the reaction. In the case where the curing system exhibits 
autocatalytic effects, Eq.11 describes the reaction mechanism. More complex reactions consisting of 
independent reactions are described by the combination of the nth order and the autocatalytic 
models (Eq. 12) [3].  
 
2.3. Numerical Simulation 
The liquid composite moulding process simulation software PAM-RTM 2011 has been used in this 
study. PAM-RTM is a finite element tool dedicated to the mould filling and the cure simulations of 
the liquid composite moulding processes in which a liquid resin system is injected into a fibre-
reinforcement, and uses non-confirming finite elements in the form of triangles and tetrahedrons. 
The mould filling simulations are based on the Darcy`s approach (Eq. 14).  
𝑣 =
𝑄𝑓
𝐴
=
𝐾
𝜇
∙
∆𝑃
𝐿
                                                                         (14) 
where 𝑣 is the velocity, 𝑄𝑓  is the flow rate, 𝐾 is the permeability, 𝜇 is the viscosity, ∆𝑃 is the 
pressure difference between the inlet and the vent and 𝐿 is the flow length.  
The viscosity (𝜇) and the cure kinetics data of a resin system can be incorporated into the mould 
filling simulations to obtain more realistic filling time results. A number of models describing the 
viscosity as a function of degree of polymerisation and temperature are available in PAM-RTM. For 
an isothermal process and to avoid the problem of fitting errors, PAM-RTM allows implementing the 
measured viscosity data as a function of time. The curing of the resin is described by the following 
equation, 
𝑑𝛼𝑖
𝑑𝑡
= ∑ 𝑓𝑖(𝛼𝑖, 𝑇)𝑖                                                                        (15) 
where 
𝑑𝛼𝑖
𝑑𝑡
 is curing rate of the component 𝑖 of the resin. In PAM-RTM simulations, the role of 𝑑𝛼/𝑑𝑡 
and the thermal properties in the thermal phenomena are represented by the following equation: 
𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
+ 𝜌𝑟𝑐𝑝𝑟?⃗? ∙ ∇𝑇 = ∇⃗ ∙ {𝑘 ∙ ∇𝑇} − 𝜌𝑟∆ℎ
𝑑𝛼
𝑑𝑡
                                         (16) 
here, 𝑇 is the temperature, 𝑡 is the time, 𝜌 is the density, 𝐶𝑝 is the specific heat, 𝑘 is the heat 
conduction coefficient tensor, ∆ℎ is the total enthalpy of the polymerisation of the resin, 𝛼 is the 
resin cure, and 𝑟 represents the resin. The heat convection boundary condition is defined as: 
𝜕𝑄
𝜕𝑡
= ℎ(𝑇∞ − 𝑇)                                                                 (17) 
here, ℎ is the heat convection coefficient, 𝑇∞ is the environmental temperature, 𝑄 is the thermal 
energy. This general equation permits to treat the step of curing in PAM-RTM.  
 
 
3. Experimental 
3.1. DSC Analysis 
The present study concentrated on the cure kinetics of an unsaturated polyester (UP) resin system 
(Crystic 701 resin and 1% Methylethylketone peroxide catalyst) supplied by Scott Bader. Crystic 701 
with the styrene content of 40-45% is a pre-accelerated, isophthalic polyester resin with low 
viscosity (1.6 poise) and controlled exotherm characteristics. The viscosity and exotherm 
characteristics of Crystic 701 make it particularly suitable for the manufacture of large structures in 
the VI process. The recommended curing cycle of the laminates manufactured by Crystic 701 is for 
24 hours at room temperature, and followed by a post-cure for 16 hours at 40°C or 3 hours at 80°C. 
The manufacturer recommends using the catalyst between 1% (slow curing) and 2% (fast curing) by 
weight. 1% content was chosen for this work to provide the longest curing time and, therefore, to 
increase the processing time of the resin. 
 
The measurement of the heat evolved during the curing reaction was conducted by means of a TA 
Instruments DSC Q2000 apparatus. The DSC analysis provided the heat flow versus time and 
temperature data (Fig. 1 and Fig. 2). To investigate the ultimate heat of the reaction (𝐻𝑈), the heat 
flow was measured for the heating ramps of 3°C, 5°C, 10°C and 20°C for the samples weighing 7mg 
(±0.1) until 250°C (Fig. 1).  
 
Fig.1: Dynamic DSC test results 
The isothermal tests were performed at the temperatures of 30°C, 40°C, 50°C, 60°C, 70°C and 80°C 
(Fig. 2) for the samples weighing 7mg (±0.1) until no further changes in the data can be observed.  
 
 
Fig. 2: Isothermal DSC test results 
 3.2. Viscosity Analysis 
The viscosity of the Crystic 701 resin with 1% MEKP catalyst as a function of time at room 
temperature was determined by ICI viscometer. The procedure of the viscosity measurement was i) 
100 grams of Crystic 701 in a gelation timer cup was placed in a water bath maintained at a 
temperature of 25°C, then 1% catalyst was added and stirred into the resin for 30 seconds, ii) an 
initial sample of resin was taken and the viscosity was measured using an ICI viscometer until the 
resin had gelled.  
 
3.3. Vacuum Infusion  
3.3.1 Flow Monitoring 
A VI experiment was performed to find out a typical infusion time. The preform consisted of twelve 
layers non-crimp glass fabric preform (areal weight of 817 g/m2 and dimensions of 45cm (flow 
direction) x 15cm). Due to the inhomogeneity of the fabric structure, the preform involving all the 
fabric layers in 0˚ orientation was chosen from [38]. Unlike the standard VI procedure, the 
distribution medium and the peel ply were not included in the experiment to extend the infusion 
time. The flow front advancement was monitored using a high-resolution webcam. The details of the 
flow front monitoring methodology can be found in [38].  
Mould
Vacuum bag
Preform
Inlet Vent
Flow front
 
                        a) VI setup                                                                         b) Fabric orientations [38] 
Fig. 3: Vacuum infusion experimental procedure  
3.3.2. Cure Monitoring 
During the preparation of the infusion process illustrated in Fig. 3a, a thermocouple was embedded 
in the middle of the laminate between the 6th and the 7th layers for the purpose of cure monitoring. 
With this experiment, the exothermic temperature of the resin inside the laminate was monitored 
and recorded. Also, another thermocouple recorded the ambient temperature.  
 
 
4. Results 
4.1. DSC Results 
The total isothermal heat of reactions (𝐻𝑇) calculated using the data in Fig. 2 and the ultimate heat 
of reactions (𝐻𝑈) calculated using the data in Fig. 1 are presented in Table 2 and Table 3, respectively. 
It can be seen that 𝐻𝑈 was around 256 J/g (Table 2) and did not depend on the heating rate.  
 
Table 2: Total isothermal heat of reaction 
Temperature (°C) 30 40 50 60 70 80 
𝐻𝑇 (J/g) 124 187 234 240 251 254 
 
 
Table 3: Ultimate heat of reaction of UP resin at different heating rates 
Heating Rate (°C/min) 3 5 10 20 Average S.D. 
𝐻𝑈 (J/g) 255 261 255 254 256 3 
 
It can be seen that the 𝐻𝑈 found in this study is in the range of the previously reported values (Table 
4). The differences in 𝐻𝑈 could be attributed to the individual materials and their contents in the 
unsaturated polyester resin, such as catalyst, inhibitors, styrene and other additives. 
 
 
 
Table 4: Previously reported studies for unsaturated polyester resins 
Authors 
𝐻𝑈 
(J/g) 
DSC 
Method 
Ng and Manas-
Zloczower [7] 
415 Dynamic 
Zetterlund and Johnson 
[8] 
374 Dynamic 
Martin et al [18] 360 Dynamic 
Martin [13] 355 Dynamic 
Ramis and Salla [11] 350 Isothermal 
Avella et al [13] 350 Isothermal 
Rouison et al [10] 345 Isothermal 
Yun et al [14] 334 Isothermal 
Aktas et al (this study) 256 Isothermal 
Cuadrado et al [9] 243 Isothermal 
Vilas et al [20] 231 Isothermal 
 
The conversion (degree of curing) profiles for each isothermal test are shown in Fig. 4. The details of 
the calculations are described by the equations from 5 to 8 in Section 2.1. As expected, the ultimate 
overall conversion increased with temperature. Under the isothermal conditions of 30˚C, 40˚C, 50˚C 
and 60˚C, the final degree of cure was incomplete (less than 1). The final degree of cure reached 1 
for the isothermal conditions of 70˚C and 80˚C. 
 
Fig. 4: Conversion profiles as a function of time at different isothermal temperatures  
 
A graph of experimentally determined values of 𝐻𝑇/𝐻𝑈 versus temperature (T) is shown in Fig. 5. 
From Eq. 9 in Section 2.1, the ratio of 𝐻𝑇/𝐻𝑈 rose with temperature and was approximated by a 
piece-wise linear function of temperature as expressed by Eq. 18. The 𝐻𝑇/𝐻𝑈 data was linear until 
50°C and almost levelled off after 50°C.  
 
Fig. 5: HT/HU versus isothermal temperature 
 
𝐻𝑇
𝐻𝑈
= {
0.0215 𝑇(℃) − 0.1496     𝑇 ≤ 50℃
 ~1                                           𝑇 > 50℃
}                                           (18) 
 
 
 4.2. Curve Fittings and Cure Model 
The procedure of the application of the empirical autocatalytic cure model to the experimental data 
and the determination of the constants k, m and n were as follows:  
 𝑑𝛽/𝑑𝑡 data were calculated by Eq. 6 using experimentally determined values of 𝑑𝛼/𝑑𝑡 and 
HT/HU and plotted against the isothermal conversions 𝛽 (Fig.6), 
 The 𝑑𝛽/𝑑𝑡 versus 𝛽 values were curve-fitted with a least-square curve fitting method using 
the autocatalytic kinetic model (incorporating the Arrhenius law) and the Levenberg-
Marquardt algorithm in MATLAB. 
 The constants (Table 5) were obtained as the results of the curve fittings. 
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The fittings (Fig. 6) were in good agreement with the isothermal rate of degree of cure (𝑑𝛽/𝑑𝑡) 
versus degree of cure (𝛽) data for each isothermal case. 
 
                                a) 30°C                                                                    b) 40°C 
 
                                c) 50°C                                                                    d) 60°C 
 
                                e) 70°C                                                                    f) 80°C 
Fig. 6: Autocatalytic model fittings on the experimental 𝑑𝛽/𝑑𝑡 versus 𝛽 data 
 
 
Table 5: Cure kinetic parameters  
Temperature (°C) k m n m+n 
30 0.0143 0.43 3.87 4.30 
40 0.0248 0.37 2.12 2.49 
50 0.0340 0.25 1.79 2.04 
60 0.0357 0.09 1.12 1.21 
70 0.0724 0.21 1.21 1.42 
80 0.1622 0.32 1.65 1.97 
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Isothermal (30°C)
Curve fitting (R-square: 0.95 )
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Isothermal (40°C )
Curve fitting (R-square: 0.98)
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Isothermal (50°C )
Curve fitting (R-square: 0.96)
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Isothermal (60°C )
Curve fitting (R-square: 0.97)
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Curve fitting (R-square: 0.99
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Isothermal (80°C)
Curve fitting (R-square: 0.99)
With the modification of Eq.13, Eq. 19 representing a linear correlation between 𝑙𝑛𝑘 and 1/𝑇 can be 
obtained to find out the activation energy and the pre-exponential factor A. Fig. 7 shows this linear 
relationship with an R2 of 0.9695. 
𝑙𝑛𝑘 = 𝑙𝑛𝐴 − 𝐸/𝑅𝑇                                                                (19) 
 
Fig. 7: Logarithm of the rate constant k as a function of reciprocal absolute temperature 
 
From Eq. 19 and Fig. 7, the pre-exponential factor (A) and the activation energy (E) were found as 
109098 1/min and 40.73 kJ/mol, respectively. From here, the following final cure kinetics expression 
for Crystic 701 resin with 1% MEKP content was obtained: 
𝑑𝛽
𝑑𝑡
= (109098 ∗ 𝑒𝑥𝑝 (
−40730
8.31∗𝑇
)) ∗ 𝛽𝑚(1 − 𝛽)𝑛                                          (20) 
In Eq. 20, 𝑚 and 𝑛 are the temperature dependent reaction orders. In this study, in order to find a 
representative expression between the isothermal conditions, they were represented in the form of 
a second-order polynomial expression. The relationships between the constants 𝑚, 𝑛 and reciprocal 
temperatures (Fig. 8) were expressed by second order polynomial curves, represented by Eq. 21 and 
Eq. 22 for 𝑛 and 𝑚, respectively. 
 
Fig. 8: Reaction orders m and n as a function of reciprocal absolute temperature 
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4.3. Vacuum Infusion 
 
The flow front advancement versus time curve (total filling time of 4430 seconds) is demonstrated in 
Fig. 9, and compared with the viscosity (as a function of time) data. It can be seen that the viscosity 
was around 0.19 Pa*s during the infusion of the 0° oriented preform. The viscosity remained almost 
constant up to 12000 seconds (~3.5 hours). The resin gelled around 14000 seconds (~4 hours) and it 
was not processable (Fig. 9 and Fig. 13). 
 
 
 
 
Fig. 9: The filling times and the viscosity data comparison [38] 
The temperature monitoring results during and after the infusion process is presented in Fig. 11a 
and Fig. 11b, respectively. It can be seen that the temperature inside the laminate was more stable 
than the ambient temperature due to being sealed by the preform. In Fig. 11a, stage-1, stage-2 and 
stage-3 represent the dry (before the infusion), the wetting and the wetted stages, respectively. The 
entire room temperature cure monitoring data is presented in Fig. 11b. Apart from the exothermic 
reaction temperature, which was the peak point around 4 hours, the general temperature trend 
inside the laminate was similar to the ambient temperature trend, but it was slightly higher due to 
the on-going curing reactions and the stability.  
Because of the heat generation inside the laminate due to the exothermic reaction of the resin, it 
could be expected that there was a heat transfer by conduction (from the resin to the fibre, the 
mould and the vacuum bag) and convection (from the hotter experimental stack to the colder 
ambient). According to the results of the temperature monitoring (Fig. 11), the heat generated by 
the resin dissipated quickly in the laminate due to being spread over a large surface. As a result, a 
maximum temperature of 32°C was noted inside the preform as the peak temperature of the 
exothermic reaction, and the maximum temperature difference was nearly 4°C between the 
ambient and the laminate. The time of the peak temperature determined by the in-built 
thermocouple (Fig. 11b) and the gelling time of the resin (Fig.9) determined by the viscometer were 
same (4 hours). 
4.4. Numerical Simulation and Validation 
In the numerical study, the cure and the temperature changes during and after the filling process 
were studied and compared with the experimental results. The simulation study included i) the 
material properties (Table 6) and the boundary conditions (ambient temperature=29°C, initial resin 
and mould pressure=29°C), ii) the resin flow simulation inputs of the 0° oriented twelve layer 
preform infusion case (inlet pressure=1atm, outlet pressure=0 atm, the average porosity=0.5, the 
average permeability values in x and y directions and the permeability orientations on the mesh) 
adapted from [38] in order to obtain a typical filling time for this study, iii) the experimental viscosity 
data as a function of time (Fig. 9), iv) the enthalpy of 256 J/g (Table 3) and v) the final autocatalytic 
cure kinetics expression (Eq. 20).  The flow simulation details were not the focus of this study and 
the details can be found in [38]. The cure simulation time was set to 24 hours in addition to the total 
wetting time of 4432 seconds. Fig.10 illustrates the representation of the fabric layers, the vacuum 
bag and the mould using the solid elements. 
 
Table 6: Properties of the materials  
Materials 
Density 
(kg/m3) 
Specific 
heat 
(J/kg K) 
Thermal 
Conductivity 
(W/m K) 
Resin [33] 1080 2300 0.2 
E-glass preform [34] 2580 1300 1.04 
UP/ glass fibre Composite [32] 1690 1160 0.27 
Vacuum bag [36] 
Mould [36] 
356 
2692 
1256 
917 
0.069 
10 
 
 
 
 
Vacuum bag 
Mould  
Preform (12 layers) 
Fig.10: Illustration of the zones in the simulation (Thicknesses, vacuum bag: 0.5mm, mould: 5mm 
and each fabric layer: 1mm) 
 
Fig. 11 presents the comparison of the numerical and the experimental temperature data. In Fig. 11a, 
Stage-1, Stage-2 and Stage-3 represents the temperatures i) before the filling, ii) during the filling 
(duration of ~1 hour) and iii) after the filling, respectively. It can be seen that the temperature 
prediction well agreed with the experimental data in the first 2 hours. In Fig. 11b, the overall 
numerical temperature pattern (including Stage-1, Stage-2 and Stage-3) was similar to the 
experimentally measured data. The peak temperature times for the experimental and the numerical 
were around 4 and 4.5 hours, respectively. 
 
 
a) Temperature variation up to 2 hours (1: dry, 2: during filling, 3: after filling)  
 
b) Temperature monitoring during the room temperature curing 
Fig. 11: Experimental and numerical temperature results 
Fig. 12 presents the cure, the temperature and the filling time results. The filling time (the total time 
of 4432 seconds) was simulated according to the resin flow simulation inputs reported in [38] using 
the same materials and the boundary conditions. The simulation results (Fig. 12) of the cure and the 
temperature from the inlet to the vent were from the moment of 4432 seconds once the resin 
1 
reached the vent. The cure was between 0 and 0.05, and the temperature was between 28.5°C and 
30°C.  
 
 
Fig.12: Cure (0: uncured and 1: cured), temperature (°C) and filling time (second) distribution  
 
According to Fig. 13, the initial numerical cure data up to 2 hours was identical with the 
experimental DSC cure data (measured for 24 hours at room temperature). The DSC data was linear 
from 6.5 hours to the end, because there were no data recordings in between. The final degree of 
cure results were close to each other (0.68 and 0.76 for the numerical and the experimental, 
respectively). The difference between the two curves could be attributed to two main reasons: i) 
representation of the cure behaviour by an empirical cure kinetics model in the simulation and ii) the 
differences between the simulation (involved different materials) and the DSC experiment 
(conducted for a 7mg resin sample). The experimental DSC data represented the whole reaction with 
more accuracy during curing, whereas the cure kinetics model was very general with less accuracy.  
 
 
Fig. 13: Comparison of the autocatalytic model results with the experimental DSC cure data and 
viscosity data 
 
4. Conclusion 
This paper focused on the cure kinetics (based on the DSC method), the cure modelling (using the 
autocatalytic cure kinetics model), and the process cure simulation (in PAM-RTM) studies. A 
representative slow and room temperature curing thermoset resin system (Crystic 701 with 1% 
MEKP catalyst) for the VI process was used in the experiments. 
From the literature review, it was seen that the DSC is a reliable method to study the cure kinetics of 
thermosets. The isothermal and the dynamic tests were performed to find out the total isothermal 
heat of reaction and the ultimate heat of reaction results. The ultimate heat of reaction did not 
depend on the heating rate and it was found as 256 J/g. The total heat of reaction also enabled the 
calculation of the conversion profiles. The autocatalytic empirical cure kinetics model incorporating 
the Arrhenius equation was applied to the rate of degree of cure versus degree of cure curves of 
each isothermal test, and good agreement was found. Then, the temperature dependants of the 
model (m, n and k), and a final equation representing the cure behaviour of the UP resin were 
obtained.  
The aim of the cure kinetics study was to provide the key inputs for the cure simulation, such as the 
enthalpy, the cure model, and the temperature dependant coefficients. The degree of cure and the 
temperature change during and after the filling stage were obtained from the simulation. Even 
though the cure simulation result was not as accurate as the DSC cure data (measured for 24 hours 
at room temperature), the cure behaviour was representative and both results were comparable. 
The cure simulation result was in good agreement in the first 2 hours with the experimental DSC 
cure data, and the final degree of cure prediction was very close to the DSC. The resin was 
processable up to 4 hours according to the viscosity measurement.  
The thermocouple cure monitoring provided the exothermic reaction (curing) temperature profile 
inside the preform and the ambient temperature profile. Because of the interaction of the resin with 
the preform, the mould and the vacuum bag, the exothermic peak temperature was only 4°C higher 
than the ambient temperature.  
The parameters of this study can be used for more realistic vacuum infusion cases with Crystic 701 
resin system. Also, the cure kinetics of other thermoset resin systems can be investigated through 
the steps of this study to model the cure behaviour and to aid the VI process simulations of large 
structures.  
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